The Romanian sector of the Black Sea deserves attention because the Danube deep-sea fan is one of the largest sediment depositional systems worldwide and is considered the world's most isolated sea, the largest anoxic water body on the planet and a unique energy-rich sea. Due to the high sediment accumulation rate, presence of organic matter and anoxic conditions, the Black sea sediments offshore the Danube delta is rich in gas and thus shows Bottom Simulating Reflectors (BSR). The cartography of the BSR over the last 20 years, exhibits its widespread occurrence, indicative of extensive development of hydrate accumulations and a huge gas hydrate potential. By combining old and new datasets acquired in 2015 during the GHASS expedition, we performed a geomorphological analysis of the continental slope north-east of the Danube canyon compared with the spatial distribution of gas seeps in the water column and the predicted extent of the gas hydrate stability zone. This analysis provides new evidence of the role of geomorphological setting and gas hydrate extent in controlling the location of the observed gas expulsions and gas flares in the water column. Gas flares are today considered an important source of the carbon budget of the oceans and, potentially, of the atmosphere.
Introduction 21
The Black Sea is considered as the world's most isolated sea, the largest anoxic water body on the planet 22 and a unique energy-rich sea ( The central sector of the study area, between Canyons 1 and 2 at around 500-600 m water depth, is affected 121 by seafloor undulations originated by sediment transport and/or, less likely, by creeping processes (Fig. 2) . (Fig. 2) . The analysis of seismic profiles presented in Figure 5 suggests that the mounts are an inherited 126 morphology resulting from a compressive bulge of a landslide deposit buried under 35 mbsf.
3.2. Free gas versus gas hydrates in the study area 128
Evidence of free gas in the water column

129
We identified some 1409 gas seeps within the water column acoustic records (15 days acquisition during 130 GHASS cruise). The seepage activity does not appear homogenous, as the density of gas flares varies with 131 bathymetry and laterally. Many of the numerous and widespread gas flares that were recorded at the scale 132 of the Romanian sector of the Black Sea reach several hundreds of meters above the seafloor, attesting to a 133 vigorous seepage activity with high fluid fluxes (Fig. 3) and questioning about the fate of the gas in the 134 water column. Gas emissions may be particularly numerous within some sectors between 200 m and 800 135 m. No gas flares were detected in deeper areas. Gas emissions can be classified into 6 groups based on their 136 distribution and origin: (1) non-random gas seeps along the canyons/gullies; (2) non-random gas seeps along 137 headwall scarps and lateral margin of the MTC (Fig. 3C) ; (3) non-random gas seeps along fault/ crest line 138 (Fig. 3A) ; (4) non-random gas seeps at the landward termination of the GHSZ above small mounts; (5) non-139 random gas seeps right above pockmark (Fig. 3B) ; and (6) other random gas seeps (Figs. 2, 7) . 140
The maximum density of acoustic anomalies was found along the canyon path. The 606 gas seeps detected 141 at the break of slope of the canyon flanks represent 43% of the whole degassing sites. 495 gas seeps are 142 localized right above the scarps of the MTC, 116 around the faults identified on the outer shelf, 30 right 143 above the 50 pockmarks, 26 above a crest line at 750 mbsl inside the GHSZ, and 81 in the sector of the 144 small mounts. Overall, 96% of the all gas seeps observed are above geomorphological structures: 78% are 145 right above escarpment induced by sedimentary destabilizations inside or outside canyons and 60% of the 146 pockmarks appear active. Only 4% (55) of the gas seeps appear randomly distributed in the study area. 147
These gas seeps seem to be at location not affected by geomorphological structures. Under the MTC, the seismic signature of sediment shows anomalies interpreted as the localized 158 accumulation of free gas (Figs. 4B, 4C) . In marine sediments, free gas often yields anomalous seismic 159 signatures, making seismic methods a useful tool for the identification and characterization of the sub-160 seafloor gas charged body and the gas migrating system. Gas may appear as amplitude enhancement with 161 an attenuation of the signal (Fig. 4) 
Evidence of gas hydrates in seismic data
177
In the Romanian sector, BSR observation from conventional High Resolution (HR) seismic profiles, 178 acquired during the BLASON and BLASON2 cruises, provides indirect evidence of GH occurrence ( formed by GHs could be impermeable. At the landward termination of the GHSZ, the observed seismic 190 hyperbola and deformation zone in the surficial sedimentary layers suggest gas migration or the presence of 191
GHs close to the seafloor (Fig. 5-Inset) . 192
Predicted gas hydrate stability zone
193
Theoretically determined phase equilibria allow to distinguish natural GHs from water ice, and can therefore 194 be used to calculate the temperature and pressure at which hydrates form from a given gas composition 195 (Sloan and Koh, 2007) . The variations of water column temperature, pore pressure and geothermal gradient 196 affect the thickness of the GHSZ. The calculation of the GH stability curve is complicated because it is usually performed for a system 208 composed of water with a constant concentration of salt (0 psu to >35 psu). In the study area, Soulet et al. 209 (2010) show a gradual fall in salinity from 21.9 psu at the seafloor level to near 2 psu at around 28 mbsf. In 210 the case presented here (Fig. 6) , we make the calculation using a salinity of 22 psu for the water column 211 (850 m), a gradual fall of the salinity for the uppermost 28 m of sediment (the salinity of 22 psu at the 212 seafloor reaching 2 psu in sediment at 28 mbsf) and a constant salinity of 2 psu for the rest of sedimentary 213 column. The intersection of the GH stability curves with the water column temperature curve denotes the 214 minimum water depth at which GHs are stable for a given water depth (Fig. 6) , while the intersection with 215 the geothermal gradient reveals the predicted base of the GHSZ (Kvenvolden, 1993) . 216
The calculation to obtain a predicted GHSZ is made at different water depths. An example of the calculation 217 for a water column of 850 m is shown in Figure 6 . For this example, the intersection of the GH stability Overall, the distribution of gas flares observed in the water column of the study area are in agreement with 227 the free gas areas defined in Popescu et al. (2007) . However, in some cases, several gas flares are detected 228 downward the areas defined in the literature: many gas flares are inside the BSR zone defined in (Popescu 229 et al., 2006) close to the landward termination of the BSR (Fig. 7) . The causes of this mismatch could be 230 attributed to an evolution of the degassing zone in the water column over the last 10 years and/or to the 231 variety of the data analysis. The free gas area described by Popescu et al. The distribution of the gas seeps in the Romanian sector of the Black Sea coincides in most cases with the 237 presence at the seafloor of sediment deformation features. 96% of the gas flares are located above canyons 238 (Fig. 7C), landslides (Figs. 3C, 7A) , pockmarks (Figs. 3B, 7B) , and fault/ crest line (Fig. 3A) . The spatial distribution of pockmarks suggests that all the discontinuities within the sedimentary column 253 represent potential drains for fluid flow, and that simple diffusion through the sediments cannot explain the 254 observed pattern of fluid expulsion. The spatial distribution of a large proportion of the gas flares in the 255 study area seems to be associated with gas contained in underlying sediment using discontinuities formed 256 by landsliding. The discontinuities resulted from mass wasting processes inside and outside the canyons are 257 probably responsible for the gas seepages, by providing preferential migration pathways to gas as Riboulot 
Impact of Gas Hydrates Stability Zone in free gas expulsion and sedimentary deformation? 261
We observed only 26 gas seeps of the 1409 detected in the study area really inside the GHSZ (Figs. 2, 3A , 262 7). They are right above a crest line that represents 2% of the whole gas seeps detected in the study area. of excess pore fluid pressure in the free gas accumulation leads to the release of fluids along faults of the 267 highly faulted interval responsible of the presence of free gas at the seafloor and in the water column. 268
Due to the concentration of gas seepages outside and at the landward termination of the GHSZ (98% of the 269 whole degassing site) and the seismic anomalies observed under the BSR (Fig. 5) , we suggest that the 270 presence of GHs at the base of GHSZ constitutes an impermeable caprock over an accumulation of free gas. C) show how the occurrence of free gas affects seismic data. The most apparent free gas zones are identified 503 under a mass transport complex (in orange). Several free gas zones coincide with the presence of gas 504 chimneys and pockmarks (A and B) while when the seafloor depth is deeper we have a lack of seafloor fluid 505 features. The gas seems to be trapped under the MTC. 506 Fig. 1) . The presence of a BSR is suggested by a strong and 508 negative polarity reflector associated to an increase in the attenuation and amplitude anomalies (seismic 509 signature of the free gas -green arrows). Within the predicted GHSZ, right above the BSR, we do not 510 observed seismic signature of the presence of free gas. The free gas seems to be trapped under the MTC. 511
The black rectangle indicates the area of inset. The inset highlights the location of the supposed GH 512 occurrence within a deformed sedimentary layers at the landward termination of the BSR. 513
Figure 6: Gas hydrate stability using pure s-I methane hydrate and the water column (S = 22 psu) and 514 porewater (S=2; in depth higher than 25 mbsf) salinities. For this example used to illustrate the calculation 515 (Seafloor: 850 m water depth), the minimum water depth where GHs are stable is 720 mbsl. The bottom 516 water temperature used is 8.9 °C. For the regional observed geothermal gradients of 24.5 °C/km, the base 517 of GHSZ is 200 mbsf. These results are calculated in 2D and change with depth of the seafloor due to the 518 evolution of the salinity within the sediment. 519 
